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We report new aspects of temporal dispersion in Fourier pulse shapers which contain 
spectral dispersers with a nonlinear frequency to space mapping. These effects are 
particularly important in high resolution operation since high resolution dispersers 
typically exhibit pronounced nonlinear angular dispersion over relatively small 
bandwidths.  In this paper we present a general discussion of the new effects followed by 
quantitative analysis and experimental verification for pulse shapers which utilize a 
virtually imaged phased array (VIPA) as the spectral disperser. Compared to the well 
known 4f configuration, our results demonstrate a substantial modification to the 
placement of the optical components required to obtain zero temporal dispersion.  
Furthermore, spectral phase variations associated with nonzero dispersion coupled with 
contributions from multiple diffraction orders are shown to give rise to a dramatic new 
spectral interference effect, which can be used to monitor temporal dispersion purely in the 
spectral domain. We expect the effects we present in this paper to become prominent even 
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for more conventional diffraction grating based pulse shapers for bandwidths sufficiently 
large that nonlinear spectral mapping becomes strong. 
OCIS codes: (320.5540) Pulse shaping; (320.5520) Pulse compression; (320.7085) Ultrafast 
information processing; (050.1950) Diffraction gratings; (060.0060) Fiber optics and optical 
communications 
1. Introduction 
Femtosecond pulse shaping is a well established technique which allows for synthesis of 
complex user defined optical waveforms by parallel manipulation of the complex optical 
spectrum [1]. In its conventional implementation, a spectral disperser (e.g. diffraction grating) is 
used which spatially disperses different frequency components which are then focused on to a 
spatially encoded mask with user defined amplitude and phase information. This can be a 
programmable spatial light modulator or a fixed mask made using lithographic techniques. This 
information gets encoded onto the complex spectrum of the light source and on recombination 
leads to synthesis of user defined waveforms. An important attribute desirable from the pulse 
shaping apparatus is that there should be no additional amplitude or phase effects other than the 
ones which are user defined. Another way of looking at this is, in the absence of a mask, the 
output and input fields should be identical. Usually with reasonable choice of components, the 
spectral amplitude effects due to the apparatus are minimal; however it is more involved when it 
comes to spectral phase effects. The origins of phase effects lie in the well known fact that 
whenever there is angular dispersion of spectral components there is a possibility of temporal 
dispersion, which in the frequency domain corresponds to additional spectral phase of second 
order and higher [2, 3]. In pulse shapers since there is spectral dispersion and recombination 
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before and after masking respectively, it becomes necessary to ensure that the apparatus does not 
introduce any additional temporal dispersion of the input light.  In such a configuration the input 
and output in the absence of masking will be identical and this is called the zero dispersion 
configuration.  
 The most common spectral disperser used in pulse shaping is a diffraction grating, for 
which the zero dispersion configuration is well characterized and known as the 4-F configuration 
[1]. In this configuration the lens is located a one focal length (F) distance behind the diffraction 
grating and a one focal length distance in front of the Fourier plane where the mask is placed.  In 
either of the two main schemes which exist for recombination [either (1) reflective geometry, 
where a mirror at the Fourier plane reflects the light back in the same path as the incident light, 
or (2) transmission geometry, where a 2nd identical lens and grating pair is used after the Fourier 
plane], light travels a distance of 4F between its first and second incidence on a grating.   The 4-
F configuration provides a dispersion-free configuration when using diffraction gratings over 
broad bandwidths and has been used extensively.  
 Recently there has been significant research in pulse shaping utilizing other spectral 
dispersers with higher spectral resolution than diffraction gratings such as Arrayed Waveguide 
Gratings (AWGs) [4] and Virtually Imaged Phased Arrays (VIPAs) [5]. Note that there is an 
inverse relation between spectral domain and temporal domain in pulse shaping: a broad 
bandwidth corresponds to fine temporal features while high spectral resolution corresponds to 
wide temporal windows. Hence a high spectral resolution is advantageous in applications like 
optical communications and RF photonics, where the temporal apertures involved are wide (for 
e.g. ns time scales). For other applications like spectroscopy, a high spectral resolution is 
inherently desirable. One of the main candidates as a high resolution disperser has been the 
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virtually imaged phased array (VIPA) [5] which is a side entrance Fabry-Perot etalon device 
which achieves high resolution spectral dispersion by multiple beam interference (a schematic is 
shown in fig 1 and will be discussed in more detail later). VIPAs have already been adopted for 
various applications, including dispersion and polarization mode dispersion compensation in 
lightwave systems [6-8], radio-frequency photonic waveform generation and filtering [9-10], and 
as components in high resolution spectrometers for spectroscopy [11-12]. These components 
have also been applied for the development of hybrid, two dimensional pulse shapers, which 
combine the benefits of both VIPAs and gratings - VIPAs for high resolution and gratings for 
broad bandwidth - to achieve very high complexity waveform synthesis and filtering operations 
[13-14]. A key advantage VIPAs have over other dispersers is the achievable spectral 
resolutions. VIPAs have been shown to achieve sub-GHz resolutions while other high resolution 
dispersers like the AWG are still an order higher than that. This enhanced resolution is what 
makes VIPAs particularly applealing. Another advantage VIPAs have over AWGs for 
femtosecond pulse shaping in particular is that, by the nature of AWGs originally being intended 
as spectral demultiplexers for WDM systems, it introduces spectral structure (reduced 
transmission at the edges of each channel). This is unimportant for communication applications, 
where each channel is independent, but for femtosecond pulses, which have very wide 
bandwidths, each channel is related. The introduction of spectral structure causes additional time 
domain effects which can be avoided with VIPA based systems. An advantage AWG based 
systems might have over VIPA shapers is that owing to their integrated nature they are more 
compact. 
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In order to use a VIPA or other high resolution disperser in a pulse shaping apparatus, it 
becomes necessary to understand the temporal dispersion characteristics and look for the zero 
dispersion configuration. As we show here, for a VIPA-based pulse shaper, the 4-F configuration 
does not have zero dispersion; significant modification to the placement of the lens is necessary 
to obtain zero dispersion. A main factor contributing to this modified temporal dispersion 
behavior is the pronounced nonlinearity in the frequency to space mapping by a VIPA spectral 
disperser.  This is in contrast to gratings which have much more linear mapping over substantial 
bandwidths. In presence of this nonlinear mapping, additional effects need to be taken into 
consideration in analyzing temporal dispersion. In this work we will describe these new temporal 
dispersion effects and then develop a quantitative model for the temporal dispersion in a VIPA 
based pulse shaper. We expect the effects we present in this paper to become prominent even for 
more conventional diffraction grating based pulse shapers for bandwidths sufficiently large that 
nonlinear spectral mapping becomes strong. 
 New effects described in this paper for VIPA-based pulse shapers include the following: 
• The pulse shaper exhibits strong dispersion in the 4F configuration. 
• The periodicity of this dispersion converts a single input pulse into a long sequence of 
pulses separated in time by the inverse of the VIPA free spectral range. 
• In the frequency domain, this dispersion - coupled with contributions from multiple 
diffraction orders - leads to the appearance of interference fringes in the power spectrum. 
• Zero dispersion is obtained only with substantial change of the separation between 
spectral disperser and lens. 
• Furthermore, our results furnish insight that allows for simultaneous minimization of 
dispersion and insertion loss. 
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 This paper is organized into the following sections.  In section 2 we will describe some 
observations made with a VIPA based pulse shaper that motivate the need for further 
understanding of dispersion.  In section 3, we will give a qualitative explanation of the new 
temporal dispersion aspects for a generic spectral disperser with a nonlinear frequency to space 
mapping. In sections 4 and 5, we respectively provide a rigorous quantitative description for 
VIPA based pulse shapers and describe experiments that confirm our analysis.  In section 5 we 
also discuss how modulation introduced into the optical spectrum through interference of 
multiple diffraction orders may be used as a simple means to sense and accurately monitor 
temporal dispersion.  In section 6 we will comment on the close connection between the 
dispersion and loss behavior of VIPA shapers and conclude.   
2. Some observations 
Fig 2 shows an experiment where a VIPA based pulse shaper is aligned in a 4-F configuration 
without the application of any mask. This is to get an idea of how much dispersion is present in 
the 4-F configuration, which is the dispersion free configuration for a grating based pulse shaper. 
Fig. 2(A) shows the input pulse with a pulse width of ~100fs to the pulse shaper and fig. 2(B) 
shows a section of the input spectrum corresponding to one VIPA free spectral range (FSR) , 
which in this case is 200GHz (~1.6nm at 1550nm). The input pulse is a bandwidth limited pulse 
and the spectrum is flat. Since the VIPA is a Fabry Perot etalon based device, the frequency 
response is periodic at the free spectral range; in experiments for which the input bandwidth is 
greater than the FSR, the modifications introduced by the VIPA are periodic at the FSR. 
Consequently, plotting one FSR of spectral data is sufficient. At the output (fig 2(C)) we see that 
the intensity cross-correlation corresponds to a pulse train under a wide temporal envelope, 
significantly different compared to the input. This results from the large temporal dispersion 
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introduced by the pulse shaper. The reason why we observe a pulse burst instead of a single 
broadened pulse is connected to the use of a short input pulse with bandwidth much wider than 
the FSR of the spectral disperser. So any modification to the complex spectrum repeats at periods 
of one FSR.  If the pulse shaper introduces temporal dispersion, which in the frequency domain 
is a spectral phase variation, this phase variation is periodically repeated. The net effect is a pulse 
train where the individual pulse widths remain similar to the input pulse duration width, but 
where pulses repeat under a temporal envelope whose width is dependent on the amount of 
dispersion introduced. We see from the width of the temporal envelope that at the 4-F 
configuration a ~100fs input pulse is broadened to more than 100ps; which is very far indeed 
from being dispersion free. Another interesting observation is that the spectrum of Fig. 2(D)) 
now exhibits deep ripples. This ripple structure repeats periodically at the VIPA FSR. Since 
temporal dispersion is purely a spectral phase effect, such spectral amplitude effects require 
explanation. As mentioned earlier, this amplitude modulation arises due to interference between 
multiple diffraction orders of the VIPA in the presence of nonzero temporal dispersion. 
Some additional observations help provide insight into new factors contributing to temporal 
dispersion. Fig 3(A) shows a schematic of a VIPA pulse shaper aligned in the 4-F configuration. 
Three important alignment parameters, indicated by the arrow marks, are varied: 1) the VIPA-
lens distance (by a few cm), 2) the transverse position of the lens with respect to the VIPA, (by a 
few mm) and 3) the tilt angle of the mirror (by a few tenths of a degree).  Figs. 3(B)-3(G) show 
the output time domain profiles, measured via intensity cross-correlation, and the corresponding 
output power spectra obtained when the transverse position of the lens was varied.  Similar 
effects were observed with variation of VIPA-lens distance and mirror tilt angle.  Some key 
points to note are:   
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• Varying the VIPA to Fourier lens distance is expected to change dispersion, similar to 
the case with gratings.  However, the variation of the transverse position of the lens and 
the tilt of the return mirror do not affect the temporal dispersion for a grating based 
system. In the case of a VIPA based shaper, these alignment aspects contribute 
significantly to dispersion.   
• The above observation contains the key ingredient to understand these new dispersion 
effects. As we will analyze later, varying the transverse position of the lens or the 
mirror tilt introduces a linear spatial phase (wavefront tilt) in the optical system. The 
time domain properties though are related to the spectral phase. In the case of a linear 
spectral dispersion device (like a grating for reasonable bandwidths), a linear spatial 
phase causes a linear spectral phase. However when there is pronounced nonlinear 
spectral dispersion, a linear spatial phase leads to higher order spectral phase and hence 
dispersion. New dispersion effects arise due to linear spatial phase (which are ignored 
for grating systems) coupled with nonlinear spectral dispersion.  
• The temporal envelope width (which is a measure of dispersion) is observed to vary 
inversely with the average period of the spectral ripple.  The spectral ripple disappears 
when zero dispersion is achieved.  The close connection between temporal dispersion 
and the spectral ripple will become clear from our analysis.  
3. Qualitative analysis 
The corresponding parameter to temporal dispersion in the frequency domain is spectral 
phase of order two and higher [3]. A quantitative analysis of the amount of dispersion introduced 
involves evaluating the amount of spectral phase introduced by the pulse shaper which in turn 
depends on the nature of the spectral disperser used and the geometry of the optical 
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configuration. However, before going into a detailed analysis, we introduce a simpler method to 
visualize the presence of temporal dispersion in pulse shapers. Using this method we will discuss 
how the origin of dispersion in VIPA or other high resolution pulse shapers differs from that in 
grating based shapers.  
Fig 4(A) shows a schematic of a grating based pulse shaper (shown in a transmission 
geometry for easy visualization) aligned away from a zero dispersion configuration. Here, let us 
assume that the incident beam size is small. After spectral dispersion by the grating, the lenses 
first image different frequency components at different positions on the Fourier plane and then 
recombine them. However if the sum of the grating – lens distances differs from 2F  (here shown 
for detuning of only the second 2nd grating-lens pair), then before recombination different 
frequencies end up travelling different distances - which corresponds to temporal dispersion. 
This however will not be the case if the sum of the grating – lens distances is exactly equal to 2F 
(known as the 4-F configuration).  
However in the case of a VIPA, it is a different situation. Fig 4(B) shows the schematic 
of spectral dispersion by the VIPA. An air spaced VIPA with a thickness t  is considered.  An 
input Gaussian beam is coupled into the VIPA at an angle of iθ through a nonreflecting window 
on the front side. Usually, the front side of the VIPA has ~100% reflectivity (except for the 
window) while the back side is partially reflecting (between 0.95-0.98). Multiple reflections 
occur inside the VIPA etalon; due to the partially reflecting nature of the back surface, at every 
reflection a fraction of the beam escapes as shown in the figure (see also Fig. 1). This 
phenomenon is best modeled by using virtual sources having Gaussian profiles to represent the 
successive beams, having longitudinal and transverse separations between successive sources of  
z∆ = 2 cos it θ  (1) 
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ξ∆ = 2 sin it θ  (2) 
These multiple virtual sources interfere to create the spectral dispersion. In this situation, unlike 
the previous case with the grating, spectral dispersion seems to originate from a line rather than a 
point. So it is clear that a 4-F configuration defined using the physical location of the first virtual 
source (which is the point where the incident beam first exits from the back surface of the VIPA) 
will not be the zero dispersion configuration. Fig 4(C) shows a schematic of a configuration of 
the VIPA shaper in which the first virtual source is not only located at a distance of F from the 
lens but is also moved below the optic axis - which as we will see later is necessary to achieve 
low loss.  Now the reflected set of sources imaged twice through the lens is separated 
longitudinally from the input virtual sources.  Hence similar to Fig. 4(A) there is now additional 
propagation distance, from which we expect further temporal dispersion to arise. So the 
configuration of Fig. 4(C) is not the zero dispersion configuration for the VIPA shaper.  From 
this discussion we can guess that for the zero dispersion configuration, the line defined by the 
incident set of sources and the reflected set of sources should overlap exactly.   This situation is 
shown in figure 4(D).  As indicated in the figure, let the first virtual source be at a transverse 
distance of ‘L’ from the optic axis, and to generalize, let the mirror angle be taken as an 
additional parameter 
m
θ . Also let the first virtual source be closer to the lens than F by distance 
d.  To ensure overlap between incident and virtual sources, we obtain the condition  
tan 2 tan 0
2 m i
FL dθ θ+ − =      (3) 
 We will prove rigorously in the next section that this indeed is the zero dispersion 
configuration for a VIPA based pulse shaper. At this point we can also comment on the zero 
dispersion configuration for a grating based shaper when using beams which are not small. In 
this case too, diffraction happens from a line, and we expect that the overlap of the incident beam 
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(on the grating surface) and the reflected beam imaged twice by the lens would ensure zero 
dispersion.  It is easy to see that this condition is satisfied when the focal point of the lens is on 
the diffracting surface of the grating. 
Let us now discuss the spectral manifestation of these effects. By the nature of the 
imaging operation, if the grating –lens distance is not equal to the focal length of the lens, then 
on the Fourier plane a quadratic spatial phase is introduced [16] (i.e. in the Fresnel 
approximation, for incident light from a point source which is not at F from the lens, the wave 
front on the Fourier plane is not flat but has a quadratic shape).  Since different frequency 
components occupy different spatial positions on the Fourier plane, a spatial phase will cause a 
spectral phase dependent on the frequency to space mapping. For the grating, over a reasonable 
bandwidth one may usually approximate the frequency to space mapping as linear, so a quadratic 
spatial phase becomes a quadratic spectral phase. This is the origin of the temporal dispersion in 
grating based shapers. If the spatial quadratic phase is made zero, which occurs in the 4-F 
configuration, the spectral quadratic phase and the temporal dispersion are also zero.  The point 
to note here is that the spectral phase depends on two things – the spatial phase and the frequency 
to space mapping.  
In case of gratings and other spectral dispersers which we approximate as linear, we don’t 
usually consider sources of spatial linear phase, since that results only in linear spectral phase, 
which in the time domain translates only to a pulse delay (which is usually irrelevant). However 
in the case of high resolution spectral dispersers like the VIPA, there is pronounced nonlinearity 
in the frequency to space mapping (see Fig. 5 for an example showing clear quadratic frequency 
to space dependence for a VIPA (from [17])).   In this situation even a linear spatial phase 
becomes relevant. Figures 6(A) and 6(B) show representative cartoons for the case of linear 
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spectral dispersers and nonlinear spectral dispersers in the presence of linear spatial phase. The 
points represent equally spaced frequencies. In the case of linear spectral dispersion (Fig. 6(A)), 
the phase differences between equally spaced frequencies are constant, indicating absence of 
higher order phase terms.  However, in case of nonlinear spectral dispersion (Fig. 6(B)), we see 
that the phase differences are not constant, indicating the presence of higher order spectral phase.  
Practically, linear spatial phase may arise due to a number of reasons.  A common reason is 
beam asymmetry with respect to the Fourier lens, which may occur due to disperser specific 
reasons, alignment constraints or even misalignment. With regard to a VIPA, in the normal mode 
of operation a beam asymmetry is required in order to achieve low loss, which forces an 
unavoidable linear spatial phase. We will discuss this further in the next section. 
To understand the origin of the ripples in the spectral domain, let us now consider 
simultaneous nonlinear spectral dispersion, linear spatial phase, and multiple diffraction orders, 
as sketched in Fig 7. The phase difference between the components of a given frequency in two 
different orders determines the amplitude of their coherent sum. This phase difference now 
becomes frequency dependent, leading to frequency dependent amplitude variations (spectral 
ripples).  In the presence of a large temporal dispersion, the phase difference between adjacent 
orders varies more rapidly with respect to frequency, leading to more rapid spectral variations.  
This is in qualitative accord with the observed inverse relation between spectral ripple period and 
temporal dispersion. A point we would like to stress here is that the origin of pulse broadening in 
the time domain is the underlying spectral phase. In the presence of multiple diffraction orders, 
this also introduces ripples into the spectrum. If all the diffraction orders except one are blocked, 
the spectral ripples disappear but the dispersion in the time domain remains. 
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4. Quantitative analysis for VIPA based pulse shapers 
In this section we will calculate the new dispersion effects discussed qualitatively above 
for VIPA based pulse shapers and prove rigorously the zero dispersion condition we suggested in 
section 3.  The analysis in this section is built on the framework introduced in [17] to analyze the 
demultiplexing properties of the VIPA. Figure 8 shows a general configuration of a VIPA pulse 
shaper that we will use in the analysis. We use ξ  and z to represent the transverse and 
longitudinal position coordinates in the object plane and x to represent the transverse coordinate 
in the Fourier plane. 
In reference [17] the distance between the first virtual source to the Fourier lens is taken as the 
focal length of the lens (F). As we will see later, for this case no quadratic spatial phase is 
observed at the Fourier plane. However as we discussed previously, having zero quadratic spatial 
phase is not a sufficient condition to have zero temporal dispersion since even a linear spatial 
phase can cause higher order spectral phases. Here we will allow the VIPA – lens distance 
(specifically, the distance between the lens and the first virtual source) to differ from the focal 
length by an amount d. For d>0, the distance between the first virtual source and the lens is less 
than the focal length.  We also allow the first virtual source to be offset from the optic axis by L  
and the folding mirror to be tilted by an angle 
m
θ
. The distance between the mirror and the 
Fourier lens is maintained at F since this ensures both minimum loss and best spectral resolution 
for pulse shaping.  
Assuming that the power loss from the top end of the etalon is negligible, we can model the 
field on the Fourier plane as a superposition of contributions from an infinite number of virtual 
sources whose profiles go as  
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where R is the effective reflection coefficient per bounce inside the VIPA (around 0.95 – 0.98), 
nξ∆  gives the shift in the transverse position of the nth virtual source given by 
nξ∆ = *2 sin in t θ  (5) 
and 0w is the focused beam radius at the back surface of the VIPA for the input beam. The field 
on the Fourier plane can be written as [17]  
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where k = 2 /π λ .  nz∆  is the longitudinal position shift of the nth virtual source given by 
 
nz∆ = * 2 cos in t θ  (7) 
 
Substituting eqn (4) in eqn (6) and making the transformation ' Lξ ξ= + , eqn (6) can be written 
as 
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We would like to look at the above equation as being constituted of two relevant terms. The 
expression inside the summation corresponds to the demultiplexing property of the VIPA with 
the L=0, d=0 condition as discussed in [17]. However the introduction of the new parameters has 
introduced certain extra spatial phase terms, a linear phase term corresponding to L and as 
expected a quadratic phase term corresponding to d. Now in order to obtain the introduced 
spectral phases we will go through the following scheme. The demultiplexer part of the equation 
(included in the summation) gives us the wavelength to space mapping in the Fourier plane; 
using this mapping we will evaluate the spectral phases arising from the additional spatial 
phases.  
From using the simplification for the demultiplexer part [17], we have the expression as – 
2
2
2
22
2
( , ) exp( )exp( )exp( )
2
1
exp( )
' 1 R ( (2 cos 2 sin cos ))
out
i i i
E
ikL ikd
x k ikd x x
F F
x
x xw
exp ik t t t
F F
θ θ θ
− −
∝
 
 −
 
 − − − − 
 
(9) 
Where 'w  is an effective width of the intensity envelope on the Fourier plane. This depends on 
the input beam size and the focal lengths of other lenses used in the system. Fig 9 shows a 
schematic of the spectral dispersion by the VIPA. Each wavelength is dispersed into multiple 
orders with the relative powers between orders decided by the Gaussian term in eqn (9) which 
gives a Gaussian intensity envelope. More details on this can be obtained in [17].    
From eqn (9) we have the additional spatial phase terms as 
 
2
2exp( )exp( )2
x xikL ikd
F F
− −
 (10) 
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Here we have neglected the constant phase term since it does not contribute to any observable 
phenomenon. 
From the VIPA demultiplexer part, we see that the equation for the VIPA demultiplexer, which 
gives us the positions for a given wavelength becomes- 
 
2
2(2 cos 2 sin cos ) 2i i i
x xk t t t m
F F
θ θ θ π− − =
     (11)  
i.e.  
2
22 cos 2 sin cosi i i
x x
t t t m
F F
θ θ θ λ− − =
     (12) 
 
λ  is the wavelength and m  is the order of diffraction. We clearly see the nonlinear relation 
connecting the position and wavelength. It is necessary here to comment on how the diffraction 
order m is obtained. As shown in fig 9, we see that the nature of spectral dispersion by the VIPA 
causes the intensity profile on the Fourier plane to be a Gaussian centered around x=0. So, for a 
given frequency the diffraction order which disperses it nearest x=0 will have the most intensity. 
For a given wavelengthλ , we have from eqn (12) that the diffraction order given by 
{ }2 cos /im t θ λ=  ({} representing closest integer) causes it to disperse around x =0 (obtained by 
substituting x=0 in the equation) and hence has the highest intensity. Given a wavelength, we 
will refer to the order which has the highest intensity as the main order.  Let us also denote the 
center wavelength of each order as 2 cos /
m it mλ θ=  (which would fall on x=0).  A center 
wavelength which is an FSR higher or lower (i.e. 1m mλ λ λ± = ± ∆ , where λ∆  is the FSR) will also 
correspond to x =0; the main order in this case will be 1m ± , and so on.  
 Since a linear spatial phase term also leads to higher order spectral phases, an obvious 
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point would be:  why don’t we just work at L=0 and set d =0 to avoid any quadratic terms? To 
explain why we need L>0, we have pictorially represented the three possible cases in Fig. (10). 
For the power to couple back into the VIPA, it is necessary to have overlap between the VIPA 
and the reflected virtual sources. The optical system inverts the transverse positions of the 
sources; consequently overlap is only possible when L>0. Figures 10(A) and 10(B) shows the 
cases for L=0 and L< 0, for which we see no overlap.  For L>0, shown in Fig. 10(C), we do get 
overlap. Depending on parameters such as the input angle and the VIPA design, there is an 
optimal L which gives maximum overlap. Though we discussed this using a reflective 
configuration, this argument is equally valid for a transmissive geometry (with a second lens and 
VIPA).   In either VIPA pulse shaper configuration, the first virtual source on the output side 
cannot be at the same position as the first virtual source on the input side, which means a linear 
spatial phase is always present. However, the coefficients of the phase depend on the specific 
experimental setup. 
Eqn (9) which gives the spatial phases is still incomplete. We need to incorporate two more 
factors. 1) A pulse shaper is a dual pass system, and by reciprocity the magnitudes of the phases 
need to be doubled. 2) In eqn (9) only the parameters L  and d are present and we still haven’t 
incorporated the mirror angle
mθ . To do this let us look at the physical effect of a mirror with a 
small tilt. What the mirror does is tilt the wavefront by an angle twice the mirror angle causing 
an additional linear spatial phase given by 
 
exp( tan 2 )mik xθ−  (13) 
 
Hence 
mθ has a similar effect as L .  This can also be looked at as effectively causing a transverse 
 18
offset of the reflected virtual sources by an amount tan 2 mF θ  .  In this case we don’t need to 
multiply by two since it is only in the return path. A way of visualizing this is, for L>0 and mθ = 
0, the distance between the incident and reflected first virtual source is 2L, but for L=0, 0mθ ≠  
it will only be tan 2 mF θ  and not twice that. A rigorous derivation of this can be obtained by 
looking at the expressions for the wavefronts but the essential idea is as we described above. 
Including these effects, the expression for the spatial phase becomes 
 
2
2exp( (2 tan 2 ) ) exp( )m
x xik L F ikd
F F
θ− + −     (14) 
 
To obtain the expressions for spectral phases, first let us solve for x from eqn (12) in terms of λ  
and then substitute the result into eqn (14). The solution for eqn (12) is  
 
2
( )cos
sin sin 1
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m i
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i
i
m
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F
λ λ θ
θ θ
θ
θ
−
− + −
=
  (15) 
 
Where 2 cos /
m it mλ θ=  is the center wavelength for order m and we have chosen the solution 
closer to x=0, which as we discussed before is the relevant solution due to the intensity envelope. 
For a given order m, the maximum excursion for the term ( )mλ λ−  is λ∆ /2 where λ∆  is the FSR. 
So we have, 
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~
sin 2 sin 2 sin
m i i i
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θ θ θ
− ∆
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Where we have used ~ 2 cos /im t θ λ . For the space of operating parameters in our experiment, 
which is iθ ~ 4degrees and t=0.75mm, we have 
 
2 2
( ) cos cos
~ 0.2
sin 2 sin
m i i
i i
m
t t
λ λ θ λ θ
θ θ
−
<    (17) 
 
Since this is reasonably smaller than one in our case and in general for a significant range of 
operating parameters, we will expand the expression inside the square root sign using the 
binomial expansion rule 2 3 41 1 / 2 / 8 /16 5 /128....α α α α α− = − − − −  [18] up to the 4th order term.  
This gives us 
 
2 3
2 2 3 3 4 4
2 3 3 5 4 7
cos cos 5cos1
~ ( ) ( ) ( ) ( )
2 sin 8 sin 16 sin 128 sin
i i i
m m m m
i i i i
x
m m m m
F t t t t
θ θ θ
λ λ λ λ λ λ λ λ
θ θ θ θ
− − − − − − − −
          (18) 
 
Using this expression in the expression for the spatial phases (eqn (14)), we group the spectral 
phases according to different powers of ( )
m
λ λ− as follows:   
Linear phase -  
 
 
( tan 2 )
2exp( ( ))
sin
m
m
i
FL
ik m
t
θ
λ λ
θ
+
−     (19) 
 
Quadratic phase - 
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2 2
2 3
( tan 2 tan )cos
2exp( ( ) )
4 sin
m i i
m
i
FL d
ik m
t
θ θ θ
λ λ
θ
+ −
−
   (20) 
 
Cubic phase -  
2
3 3
3 5
( tan 2 tan )cos
2exp( ( ) )
8 sin
m i i
m
i
FL d
ik m
t
θ θ θ
λ λ
θ
+ −
−
      (21) 
Biquadratic phase – 
3
4 4
4 7
( tan 2 tan )5cos
2exp( ( ) )
64 sin
m i i
m
i
FL d
ik m
t
θ θ θ
λ λ
θ
+ −
−
      (22) 
 
A point to note here is that the presence of ‘ 2 /k π λ= ’ in the above expression also contributes 
higher order terms owing to the ‘1/λ ’ dependency. However it can be easily shown that the 
higher order terms due to this are significantly smaller than the higher order terms in the spectral 
phase given above; hence we will neglect this contribution and use the expressions given above.  
We are not interested in the linear spectral phase since that is just a pulse delay in the time 
domain, but 2nd and higher order spectral phases affect the temporal envelope of the pulse. Along 
with 2nd order spectral phase, we also have higher order spectral phases which cause pulse 
distortion. We notice that all of eqns (20-22), which give the expressions for the quadratic, cubic 
and biquadratic phases, contain the common coefficient tan 2 tan
2 m i
FL dθ θ+ − . In fact, we will 
now show that this coefficient is in every term of degree>1. From eqn (15) we have x
F
 in the 
functional form – 
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tan ( 1 1)i
x
F
θ α= − −
   (23) 
where 2
( ) cos
sin
m i
i
m
t
λ λ θ
α
θ
−
= . Substituting this in the equation for the spatial phases (eqn (14)), we 
have the expression for spectral phases as 
 
22 tan ( tan 2 tan )( 1 1) tan2i m i i
Fi k L d ikd
e e
θ θ θ α θ α− + − − −
 (24) 
 
It is clear from the above the expression that when the expression is expanded in a power series 
in terms of α , which is a constant multiple of ( )
m
λ λ− , for all orders of α >1, the coefficient will 
contain the term  tan 2 tan
2 m i
FL dθ θ+ − . If we can adjust the parameters of the experiment to 
make this term zero, then all 2nd and higher order phases will go to zero. This will provide us a 
configuration with no dispersion or pulse distortion and will be the true zero dispersion condition 
for a VIPA based pulse shaper. So we have proved the zero dispersion condition we discussed in 
section 3. Stating again we have - 
 
Zero dispersion condition 
 
tan 2 tan 0
2 m i
FL dθ θ+ − =      (3) 
 
It is interesting to look at the physical interpretation of the zero dispersion condition, now in 
the spectral phase perspective. By nature of the VIPA based pulse shaper configuration, a linear 
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spatial phase is unavoidable and hence the nonlinear sampling of this linear phase will force 
higher order spectral phase terms. However the distance between the VIPA and Fourier lens 
which introduces a quadratic spatial phase, upon nonlinear sampling, will also introduce second 
and higher order spectral phases. So what we are doing here is to change the VIPA-lens distance 
to create phases which are of opposite sign of those arising due to the spatial linear phase.  When 
the phases arising from these two different mechanisms are equal and opposite, net zero 
dispersion configuration is achieved. 
The constants in equation (3) give us an idea of the importance of individual parameters.  
Since the input angle to the VIPA is usually small (< 5deg), and the focal length of the Fourier 
lens is tens of centimeters, we see that the temporal dispersion is much more sensitive to L  and 
mθ  than it is to d .   As an example, for a VIPA with a 200GHz FSR, an input angle of 4 
degrees and a reflectivity of 98% with mθ = 0 , the value of L to obtain minimum loss is ~ 
2.6mm [19]. To compensate the temporal dispersion that results, the distance the lens has to be 
moved from the 4-F configuration is ~3.7 cm.  In our experiments this is ~10% of the 40 cm 
focal length of the lens.  
 
5. Experimental verification and spectral monitoring of temporal 
dispersion 
In the previous section we modeled the dispersion behavior in VIPA based pulse shapers and 
provided expressions for the spectral phases. In this section we will describe some experimental 
results that verify our model. In particular, we measure the temporal dispersion introduced as 
relevant experimental parameters are varied and compare the results with the theoretical 
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predictions. Dispersion can be measured in various ways either directly using pulse measurement 
techniques like FROG [20] or indirectly by looking at intensity cross-correlations of the output 
with a short reference pulse. The latter is a common methodology used for pulse shapers owing 
to comparative simplicity of the apparatus and the known nature of the input pulse. However, 
here we will adopt a new approach in which we obtain the temporal dispersion through the 
spectral interference between different diffraction orders. Utilizing this approach has two key 
benefits – it is very easy to implement, and it provides a real time diagnostic of the dispersion 
properties which is convenient for tuning the pulse shaper to the zero dispersion configuration. 
Let us first quantitatively describe the spectral interference effect. Let ( )mψ λ and 1( )mψ λ+ be 
the spectral phase for a wavelength λ for two adjacent diffraction orders ‘m’ and ‘m+1’. Since 
the intensity distribution at the Fourier plane follows a Gaussian envelope (fig 9), interference 
effects will largely be limited to two adjacent diffraction orders dispersed around x=0. This 
justifies in modeling with only two orders. The output power at wavelength λ now depends on 
the coherent sum of contributions from two orders, which depends on their phase difference. If 
the phase difference is a function ofλ , then as the wavelength changes the interference condition 
may change from constructive to destructive, causing spectral amplitude ripples. First taking into 
consideration only the linear spectral phase (eqn 19) we have 
1
( tan 2 )2 2( ) ( ) [( 1) 2 cos 2 cos ]
2 sin
m
m m
linear linear i i
i
FL
m t m t
t
θπ
ψ λ ψ λ λ θ λ θ
λ θ
+
+
− = + − − +
        (25) 
1
( tan 2 )
2( ) ( ) 2
2 sin
m
m m
linear linear
i
FL
t
θ
ψ λ ψ λ π
θ
+
+
⇒ − =
 (26) 
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In the simplification we have used 1( 1) 2 cosm m im m tλ λ θ++ = =  based on the definition of ‘m’ as 
discussed before. We see that the phase difference is independent of λ  and hence does not 
contribute to spectral ripples. However if we take the quadratic spectral phase (eqn 20) we have 
1
2 2
2 3
( ) ( )
( tan 2 tan ) cos2 2 [(( 1) 2 cos ) ( 2 cos ) ]
4 sin
m m
quadratic quadratic
m i i
i i
i
FL d
m t m t
t
ψ λ ψ λ
θ θ θπ
λ θ λ θ
λ θ
+ − =
+ −
+ − − −
 (27) 
 
1
2 3
( ) ( )
( tan 2 tan )cos
22 [(2 1) 4 cos )]
4 sin
m m
quadratic quadratic
m i i
i
i
FL d
m t
t
ψ λ ψ λ
θ θ θ
π λ θ
θ
+⇒ − =
+ −
+ −
 (28) 
 
where we have again used the fact that 1( 1) 2 cosm m im m tλ λ θ++ = = . We see that the phase 
difference between adjacent orders is linearly related to λ , so as λ  changes the coherent sum is 
expected to change. Since for the case of quadratic spectral phase, the phase difference is linearly 
proportional toλ , the leading  interference term between adjacent orders corresponds to a 
sinusoidal spectral ripple with a constant period. If we define the period as P, then  
 
1 1[ ( ) ( )] [ ( ) ( )] 2m m m mP Pψ λ ψ λ ψ λ ψ λ π+ ++ − + − − =  (29) 
 
Substituting this in eqn (28) and again making use of 2 cos /i mm t θ λ= , we have  
2 3
( tan 2 tan ) cos
22 [(2 1) ] 2
4 sin
m i i
i
FL d
m P
t
θ θ θ
π π
θ
+ −
+ = (30) 
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With the approximation 2 1m≫ , the expression for the constant ripple period is 
 
3
2
sin
( tan 2 tan )cos
2
m i
m i i
tP FL d
λ θ
θ θ θ
≈
+ −
 (31) 
 
Similarly looking at higher order spectral phases will show phase differences which vary with 
wavelength at power 2 and higher. However, the magnitudes of phase contributions 
progressively reduce as we go to higher powers of wavelength.  Hence we can visualize the 
spectral ripple formation as a constant period function due to the 2nd order phase with the period 
modified to some extent by the higher order spectral phases (see for example fig 2(D)). In a 
regime where we are close to zero dispersion, the 2nd order term will dominate and we expect 
reasonably constant period ripples. We will use this regime for the experimental verification of 
our model. Although we are not directly verifying the coefficients of 3rd and higher order spectral 
phases, we are directly verifying the most important equation - the zero dispersion condition 
essential for the operation of the pulse shaper. For configurations far away from zero dispersion 
where higher order phases are important, the fact remains that fewer spectral ripples imply lower 
dispersion and can be used as a guide to approach the zero dispersion setting. 
In the zero dispersion condition (eqn 3), we have three different parameters, namely L , 
mθ and d , which if unbalanced contribute to temporal dispersion. Since measuring each individual 
parameter in absolute terms is difficult, for the experiment we adopted the following scheme. 
First, a zero dispersion condition was achieved by adjusting different parameters simultaneously 
with guidance from eqn (3).  Zero dispersion was verified both by achieving a flat featureless 
spectrum and by measuring the intensity cross-correlation to show that the output was a short 
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bandwidth limited pulse. Then each of the parameters L , 
mθ and d  were individually varied by 
known quantities while the other two were fixed, and the average spectral ripple period as 
obtained through optical spectrum analyzer measurements was recorded. The experimental 
results were compared to the prediction of our theory (eqn (31)).   
For a change in transverse length of L∆ from the zero dispersion condition, from eqn (31) we 
have the period of ripple as – 
3
2
sin 1
~
cos
m i
i
tP
L
λ θ
θ ∆
   (32) 
 
Similarly, a change in the mirror angle by
m
θ∆ or a change in the VIPA – lens distance by 
d∆ from the zero dispersion condition gives the expressions for the ripple period as 
 
3 3
2 2
sin sin1 1
~ ~
cos cos(tan 2 )
2
m i m i
i i m
m
t tP F F
λ θ λ θ
θ θ θθ ∆∆
  (33) 
 
2sin 1
~
cos
m i
i
tP
d
λ θ
θ ∆
   (34)                                                          
                                                                  
In eqn 33, we have made use of the fact that the mirror tilt in our experiments is so small 
(<0.5deg) that we can approximate tan 2 2
m m
θ θ= . Fig 11 shows the calculated and the 
experimentally observed ripple periods as each parameter is varied. We see an excellent 
agreement between the two. In these experiments an air filled VIPA with a design wavelength of 
1550nm and a FSR of 200GHz was used. The input angle to the VIPA was 4 degrees and the 
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focal length of the Fourier lens used was 40 cm. In these plots we have adjusted the alignment 
parameters over ranges that cause the observed ripple periods to vary over approximately the 
same range. We see that a change in d of 2.2 cm will have the roughly the same effect as 
changing L by 1.5mm or changing the mirror angle by 0.21 degrees. This highlights the 
importance of precisely tuning the L and 
m
θ∆  parameters. 
In pulse shapers, as mentioned previously, the amount of temporal dispersion present is usually 
determined by directly measuring the spectral phase or by taking cross-correlations with a 
bandwidth limited reference signal. To achieve zero dispersion, this process may be performed 
repetitively while changing the alignment parameters. However, this is a time consuming 
procedure, especially for VIPAs which have increased alignment degrees of freedom compared 
to gratings.  Alternately, when a spatial light modulator is placed at the Fourier plane, the spatial 
light modulator may be programmed to compensate the dispersion.  However, for large 
dispersion this wastes the phase dynamic range available.  In contrast, the spectral ripples 
discussed above make possible a very convenient method to monitor the temporal dispersion 
directly in the frequency domain. By monitoring the period of output spectral ripples on an 
optical spectrum analyzer working in sweep mode with sufficient resolution (sufficiently smaller 
than the FSR of the VIPA), the temporal dispersion can be quickly calculated. Any time-
dependent variations  in dispersion would give rise to changes in the ripple period, allowing 
measurement with fast update limited only by the sweep time of the OSA. Also, obtaining zero 
dispersion becomes more convenient since the monitoring can be done purely in the spectral 
domain by looking for  a flat output spectrum.  
Fig 12(A) – (E) show the variation of a one FSR section of the spectrum as the transverse 
position (L) of the lens with respect to the VIPA is varied moving towards zero dispersion. These 
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experiments were performed using a 2D VIPA-grating hybrid pulse shaper [13], which has a 
behavior similar to a VIPA only shaper at these bandwidths. The input angle to the VIPA was ~4 
degrees. We see that the ripple period continuously increases (ripple frequency continuously 
decreases) and at zero temporal dispersion the spectrum is flat (fig 12(E)). At this configuration 
the cross-correlation was also obtained (fig 12(F)), and a bandwidth limited output pulse is 
observed indicating the absence of temporal dispersion. Here we would like to contrast the 
results of Figs. 12(E,F) with that seen in Figs. 2(C,D) where in the presence of dispersion a long 
pulse train was observed in the time domain, and strong amplitude ripples were observed in the 
spectral domain.   The relationship between temporal dispersion and spectral amplitude ripples is 
not limited to VIPAs but applies to any spectral disperser which shows diffraction into multiple 
orders and has a significant nonlinear frequency to space mapping.  
A point we would like to stress is that temporal dispersion is a spectral phase effect which in 
presence of multiple orders creates spectral amplitude effects. In many situations it may be 
convenient to use only one order and to block all the others. In this case the spectral amplitude 
manifestation of dispersion will disappear but temporal broadening due to the dispersion will 
remain.    
Before we end this section, we comment on the shape of the spectral ripples. Two main factors 
affect this - the relative intensities of the two interfering orders and the contributions from higher 
order phases. An exact solution is difficult to obtain and also is not very useful. However it is 
useful to understand the effects qualitatively.   We have already discussed the effect of higher 
order phases as modifying the ripple periods. The wavelength dependent distribution of intensity 
between orders does not affect the period of the ripples but affects the fringe contrast.  At 
wavelengths for which most of the power is in a single order (at the center of the FSR), the ripple 
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contrast is very low, while at the edges of each FSR where two adjacent orders have equal 
powers ,the ripple contrast is maximum. This effect can be clearly seen in Fig. 2(D).  
 
6. Relation between loss and dispersion for VIPA pulse shapers 
As we discussed previously with the help of fig 10, the loss of VIPA based pulse shapers 
depends on the overlap between the propagating beam and the returning beam. For a given 
VIPA, this overlap can be represented as a function of the distance between the first virtual 
source in the propagating beam and the position of the first virtual source in the returning beam 
[19]. The optimal value for this parameter will depend on other parameters like the physical 
dimensions of the VIPA and the reflection coefficient per bounce inside the VIPA, but for a 
given setup when all these other parameters are fixed, the distance parameter is sufficient to 
evaluate the overlap.  
For the general reflective VIPA shaper configuration as shown in Fig. 10, the distance between 
the first virtual source in the forward beam and in the returning beam can be written 
as 2( tan 2 )
2 m
FL θ+ . This quantity has to be greater than zero to assure some overlap and ideally 
should be the optimal value for the VIPA being used. When we compare this with eqn (3) which 
characterizes the zero dispersion condition, we see that the first two terms are the same. This 
indicates the close connection between the loss and the zero dispersion condition for VIPA pulse 
shapers. For any d > 0, the values for L  and 
mθ can be chosen appropriately to obtain zero 
dispersion, but this may take us away from the minimum loss condition. So an algorithmic 
approach is necessary to achieve low loss and zero dispersion for the shaper at the same time. 
First, suitable values for the parameters L  and mθ  need to be selected to achieve maximum 
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overlap and hence minimum loss. Then using these values the value of d should be selected to 
achieve zero dispersion. This will ensure that the low loss and zero dispersion conditions can be 
achieved simultaneously.  
Another point to notice is that when 0d ≤  (i.e. the VIPA – lens distance is greater than the 
focal length), to achieve zero dispersion we would require tan 2 02 m
FL θ+ < which would 
lead to zero overlap and hence infinite loss. This implies that a VIPA shaper does not have zero 
dispersion configuration for 0d ≤ , and as a corollary the 4-F configuration for a VIPA shaper 
cannot be dispersion free. 
7. Summary and conclusions 
In summary, we have demonstrated new aspects of temporal dispersion applicable to 
pulse shapers which use spectral dispersers with a nonlinear frequency to space mapping.   For 
the case of VIPA based pulse shapers, we provided a rigorous quantitative description followed 
by experimental verification.  Our results reveal that such pulse shapers exhibit strong temporal 
dispersion in the 4F configuration, which is normally considered to be dispersion free.   Zero 
dispersion may still be obtained, but only with substantial change of the spectral disperser – lens 
separation.  We also showed a close connection between the loss and the dispersion of VIPA 
pulse shapers; understanding this connection facilitates achieving a pulse shaper configuration 
which simultaneously has low loss and zero dispersion.  Finally, we demonstrated that temporal 
dispersion – coupled with contributions from multiple diffraction orders – can lead to strong 
interference fringes in the power spectrum, an effect which can be used for convenient 
monitoring of the dispersion of the setup. 
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These effects should not be limited to VIPA based pulse shapers.  For example, we 
expect some of these effects to become significant for grating based configurations when the 
optical bandwidth becomes large (e.g., few cycle pulses), such that the nonlinear spectral 
dispersion of the grating becomes more pronounced and multiple diffraction orders from the 
grating begin to fall within the spectrum.  
 
Acknowledgements 
We would like to thank the NSF under grant ECCS-0601692 and DARPA/AFOSR under grant 
FA9550-06-1-0189. We would also like to thank Avanex Corporation for the VIPA devices. 
References  
1. A. M. Weiner. “Femtosecond pulse shaping using spatial light modulators,” Rev. Sci. Instr. 
71, 1929–1960 (2000). 
2. O. E. Martinez, J. P. Gordon, and R. L. Fork, "Negative group-velocity dispersion using 
refraction," J. Opt. Soc. Am. A 1, 1003-1006 (1984). 
3. A. M. Weiner. “Ultrafast Optics,” Wiley Publishing, (2009). 
4. H. Takahashi, S. Suzuki, K. Kato, and I. Nishi, “Arrayed-waveguide grating for wavelength 
division multi/demultiplexer with nanometre resolution,” Electron. Lett. 26, 87-88 (1990). 
5. M. Shirasaki. “Large angular dispersion by a virtually imaged phased array and it’s 
application to a wavelength division multiplexer,” Opt. Letters. 21, 366–368 (1996). 
6. G-H. Lee, S. Xiao and A. M. Weiner. “Optical Dispersion Compensator with >4000 ps/nm 
Tuning Range Using a Virtually Imaged Phase Array (VIPA) and Spatial Light Modulator,” 
IEEE Photon. Technol. Lett. 18, 1819-1821 (2006). 
 32
7. H. Ooi, K. Nakamura, Y. Akiyama, T. Takahara, T. Terahara, Y. Kawahata, H. Isono, and G. 
Ishikawa, "40-Gb/s WDM Transmission With Virtually Imaged Phased Array (VIPA) 
Variable Dispersion Compensators," J. Lightwave Technol. 20, 2196- 2203 (2002). 
8. Houxun Miao; Weiner, A.M.; Mirkin, L.; Miller, P.J., "All-Order Polarization-Mode 
Dispersion (PMD) Compensation via Virtually Imaged Phased Array (VIPA)-Based Pulse 
Shaper," IEEE Photon. Technol. Lett. 20, 545-547 (2008). 
9. S Xiao, J.D. McKinney; A.M. Weiner, "Photonic microwave arbitrary waveform generation 
using a virtually imaged phased-array (VIPA) direct space-to-time pulse shaper," IEEE 
Photon. Technol. Lett. 16, 1936-1938 (2004). 
10. Hamidi, E.; Weiner, A.M., "Phase-Only Matched Filtering of Ultrawideband Arbitrary 
Microwave Waveforms via Optical Pulse Shaping," J. Lightwave Technol. 20, 2355-2363 
(2008). 
11. S. A. Diddams, L. Hollberg, and V. Mbele. “Molecular fingerprinting with the resolved 
modes of a femtosecond laser frequency comb,” Nature 445, 627-630 (2007). 
12. Michael J. Thorpe, David Balslev-Clausen, Matthew S. Kirchner, and Jun Ye, "Cavity-
enhanced optical frequency comb spectroscopy: application to human breath analysis," Opt. 
Express 16, 2387-2397 (2008). 
13. V. R. Supradeepa, C. Huang, D. E. Leaird, and A. M. Weiner, "Femtosecond pulse shaping 
in two dimensions: Towards higher complexity optical waveforms," Opt. Express 16, 11878-
11887 (2008). 
14. K. Goda, K. K. Tsia, and B. Jalali, “Serial time-encoded amplified imaging for real-time 
observation of fast dynamic phenomena,” Nature 458, 1145-1149 (2009). 
 33
15. Ghang-Ho Lee and Andrew M. Weiner, "Programmable Optical Pulse Burst Manipulation 
Using a Virtually Imaged Phased Array (VIPA) Based Fourier Transform Pulse Shaper," J. 
Lightwave Technol. 23, 3916-3923 (2005). 
16. M. Born and E. Wolf, “Principles of Optics,” Cambridge, U.K.: Cambridge Univ., 1999. 
17. Shijun Xiao; Weiner, A.M.; Lin, C., "A dispersion law for virtually imaged phased-array 
spectral dispersers based on paraxial wave theory," IEEE J. Quantum Electron. 40, 420-426 
(2004). 
18. “Wolfram Alpha”, http://www.wolframalpha.com 
19. Ghang-Ho Lee,”Demonstration of Optical Tunable Dispersion Compensation With a 
Virtually-Imaged Phased-Array Based Pulse Shaper,” PhD thesis, Purdue University (2006). 
20. R. Trebino, “Frequency resolved optical gating: The measurement of ultrashort optical 
pulses,” Kluwer Academic Publishers (2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 34
Fig. 1 Schematic showing spectral dispersion by a VIPA due to interference between multiple 
virtual sources.  
 
Fig. 2 (A) input pulse, (B) input spectrum, (C) output pulse, (D) output spectrum.  Note that 
spectra are plotted only over one free spectral range of the VIPA. 
 
Fig. 3 (A) schematic showing the different parameters varied (the lens to VIPA distance by a few 
cm, the transverse position of the VIPA by a few mm and the mirror tilt angle by a few tenths of 
a degree). (B, D, F) and (C, E, G) are respectively the time domain cross-correlations and the 
corresponding spectra as the transverse position of the lens is varied. Similar behavior is 
observed with the variation of any of the three parameters.  Spectra are plotted only over one free 
spectral range of the VIPA. 
 
Fig 4 Figure showing the origin of temporal dispersion in grating and VIPA pulse shapers. (A) 
Temporal dispersion in a grating pulse shaper when not in 4-F configuration. (B) Nature of 
spectral dispersion by the VIPA due to interference between multiple virtual sources. (C) 
Location of the incident and reflected virtual sources in the 4-F configuration indicating the 
origin of additional dispersion. (D) Configuration showing the overlap between incident and 
reflected virtual sources – expected zero dispersion condition for VIPA pulse shapers. 
 
Fig. 5 Spectral dispersion of a VIPA (from [17]) 
 
Fig. 6 Schematic showing creation of higher order spectral phases due to nonlinear sampling of 
spatial linear phase, where different spots represent equally spaced frequencies.  (A) For linear 
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spectral dispersers, the phase differences between equally spaced frequencies are constant.  (B) 
For nonlinear spectral dispersers, the phase differences between equally spaced frequencies are 
now frequency dependent (leading to quadratic and higher order spectral phase). 
 
Fig 7 A spatial linear phase sampled nonlinearly in presence of multiple diffraction orders. 
 
Fig. 8 A general configuration of a VIPA pulse shaper in the reflection geometry. 
 
Fig. 9 A schematic representation of spectral dispersion by the VIPA. Light is spectral dispersed 
into multiple orders under a Gaussian intensity envelope. 
 
Fig. 10 Figure showing overlap conditions between input and reflected sources for varying L. 
(A) L=0, no overlap. (B) L<0, no overlap.  (C) L>0, overlap. 
 
Fig. 11 Calculated and experimentally observed ripple periods for (A) variation in L, (B) 
variation in 
mθ , (C) variation in d. 
 
Fig. 12 (A) – (E) Observed spectrum of one VIPA free spectral range as the transverse position 
(L) of the lens is adjusted (while VIPA lens distance (d) and mirror angle (
mθ ) are maintained 
fixed).  L is adjusted to move monotonically towards zero dispersion. (F) Cross-correlation 
signal showing time domain output of the VIPA pulse shaper at zero dispersion. 
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Fig. 12 
 
 
 
